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Abstract: Because of the environmental and socioeconomic impacts of anthropogenic sea level 
rise (SLR), it is very important to understand the processes leading to past and present SLRs 
towards more reliable future SLR projections. A regional ocean general circulation model 
(ROGCM), with a grid refinement in the Bohai, Yellow, and East China Seas (BYECSs), was set 
up to project SLR induced by the ocean dynamic change in the 21st century. The model does not 
consider the contributions from ice sheets and glacier melting. Data of all forcing terms required in 
the model came from the simulation of the Community Climate System Model version 3.0 
(CCSM3) under the International Panel on Climate Change (IPCC)-A2 scenario. Simulation 
results show that at the end of the 21st century, the sea level in the BYECSs will rise about 0.12 to 
0.20 m. The SLR in the BYECSs during the 21st century is mainly caused by the ocean mass 
redistribution due to the ocean dynamic change of the Pacific Ocean, which means that water in 
the Pacific Ocean tends to move to the continental shelves of the BYECSs, although the local 
steric sea level change is another factor.  
Key words: sea level rise; steric sea level change; IPCC-A2 scenario; mass redistribution; 
Bohai, Yellow, and East China Seas 
 
1 Introduction 
Sea level rise (SLR) is one of the most profound consequences of anthropogenic climate 
change. As coastal ecosystems and their communities around the world are widely recognized 
to be vulnerable to SLR (Nicholls et al. 2007), it is very important to understand processes 
governing past and present SLRs and to obtain reliable future SLR projections (Yin et al. 2010). 
The global mean SLR from tide gauge records is assessed to have been about        
1.7 mm/year in the 20th century and 1.8 mm/year in the period from 1950 to 2000 (Church   
 Chang-lin CHEN et al. Water Science and Engineering, Oct. 2014, Vol. 7, No. 4, 446-456 447
et al. 2004; Church and White 2006; Holgate 2007; Bindoff et al. 2007). Altimetry data show a 
more rapid rate of SLR at 3 mm/year after 1993 (Cazenave and Nerem 2004; Willis et al. 
2008). However, the greater value of the estimated SLR rate could be a result of contamination 
by interannual or longer variations in the ocean. During the past decade, realistic global 
atmosphere-ocean general circulation models (AOGCMs) were widely used to simulate and 
project SLR (Gregory et al. 2001; Pardaens et al. 2011a, b; Church et al. 2011). The Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) projected a 
global average SLR of between 0.18 m and 0.59 m from 1990 to 2100 using the full range of 
IPCC greenhouse gas (GHG) scenarios and a range of AOGCMs, including the ice sheet 
uncertainties (Bindoff et al. 2007). In responding to a changing climate, however, SLR of the 
global ocean will not be spatially uniform, but will rather display considerable regional 
patterns, as indicated by both observations and model projections (Douglas 2001; Landerer  
et al. 2007a; Yin et al. 2010; Suzuki and Ishii 2011; Merrifield 2011). 
The Bohai, Yellow, and East China Seas (BYECSs) are shallow marginal seas enclosed 
by East China, the Korean Peninsula, and 
Japan, with open connections to the 
northwest Pacific Ocean, South China Sea, 
and Sea of Japan (Fig. 1). The BYECSs 
have one of the most extensive 
continental shelves in the world. The 
Okinawa Trough, which is the deepest 
section in the BYECSs, extends alongside 
the Ryukyu Island chain and has a 
maximum depth of 2 717 m. Water depth 
off the coast of the BYECSs is less than 
20 m, which makes these coastal areas 
very vulnerable to SLR. In the BYECSs, 
sea level variability is very complicated 
(Han and Huang 2008; Zuo et al. 2012), 
and SLR is apparent over the last 50 years 
based on the observational data (Yan et al. 
2007; Chen et al. 2010). 
Previous studies on the projection of 
SLR with climate change in the BYECSs have been mainly based on simple estimation 
models. For example, Zhang (1997) set up a simple estimation model, which considers GHG 
emission to project the SLR along the coast of China. Li et al. (2011) predicted the SLR in the 
BYECSs using a semi-empirical method based on the relationship between the global surface 
air temperature and sea level. Simple estimation models are computationally cheap and can 
Fig. 1 Map of study area              
(thick vector indicates Kuroshio) 
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provide insights into how the global SLR is modified through various mechanisms under 
different GHG emission scenarios. However, these simple models are based on the assumption 
that SLR in the future will respond to climate change as a linear system, so that the future 
response is analogous to the past. Furthermore, they are limited by lack of spatial variability 
(Jevrejeva et al. 2012). In contrast, the AOGCMs can simulate the spatial variations of SLR 
(Gregory et al. 2001). However, due to the high computational cost, most of the AOGCMs run 
with relatively coarse horizontal resolutions (about 1°×1° or lower for ocean components). 
Some continental shelves, e.g., those of the BYECSs, are not well represented by these models. 
Since the topography and ocean dynamics on these shelves cannot be well reproduced, the 
patterns and attributes of SLR in these regions are unclear. 
In this study, we set up a regional ocean general circulation model (ROGCM) of a portion 
of the Pacific Ocean with a grid refinement in the BYECSs, to project the SLR in the BYECSs 
in the 21st century. We only focused on the ocean dynamics that impact the absolute SLR 
pattern, while excluding the melting of glaciers and ice sheets, the gravitational loading effect 
that modifies the geoid (Mitrovica et al. 2009), and geological processes such as glacial 
isostatic adjustment (Peltier 2001) and sea-floor tectonics. 
2 Model configuration and analysis methods 
2.1 Model description 
The simulation described here was performed using the Los Alamos Parallel Ocean 
Program (POP) (Smith et al. 1992; Smith and Gent 2004), a level-coordinate ROGCM that 
solves three-dimensional primitive equations with realistic bottom topography. POP is the 
ocean component of the Community Climate System Model (CCSM) developed by the 
National Center for Atmospheric Research (NCAR). It is a Bryan-Cox-type model with an 
implicit free-surface treatment of the barotropic equations (Bryan 1969). The vertically 
integrated continuity equation in the Boussinesq approximation reads as follows: 
 
( ) ( ) ( ) ( )B , , , , , , ,x y t H x y x y t Q x y t
t
ζ∂
+ ∇ ⋅ =ª º¬ ¼∂ U  
 (1) 
where Bζ  is the sea surface height (SSH) due to the Boussinesq dynamics, H  is the depth of 
the ocean, U is the vertically averaged horizontal velocity, and Q  represents the surface 
freshwater flux, which is treated as virtual salt flux here. With the virtual salt flux, the dilution 
and salinification effects of rainfall and evaporation have to be parameterized by a salt 
extraction or input, and it is considered that the global hydrological cycle affects the oceanic 
circulation in the form of a spurious salt cycle (Yin et al. 2010). 
Eq. (1) implies volume conservation in the ocean; this formulation yields correct relative 
horizontal SSH gradients, but a spatially uniform time-varying correction term must be added 
in order to adjust the sea level for any net expansion or contraction through changes in the 
mean density in the model domain (Greatbatch 1994). Based on Mellor and Ezer (1995), the 
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non-Boussinesq SSH (ζ ) can be written as 
 ( ) ( ) ( ) ( )B E GS, , , , , ,x y t x y t t x y tζ ζ ζ ζ= + +   (2) 
where Eζ  is the SLR due to expansion or contraction of the water column and is equal to the 
area average of 0Hδρ ρ− , with δρ  being the vertical average of density deviation from a 
reference density, and 0ρ  being the reference density; and GSζ  is unknown and negligible as 
a small error, which is largely attributable to the so-called Goldsbrough-Stommel gyres 
(Greatbatch 1994), a non-Boussinesq vortex stretching effect caused by density change. 
2.2 Model setup 
The model domain extends from 20°S to 65°N and from 98°E to 60°W. The horizontal 
grid is a non-uniform Mercator grid (Fig. 2). In order to sufficiently represent the BYECSs, 
the horizontal resolution of the domain (113°E to 132°E, and 22°N to 42°N) is 0.25° and 
gradually changes to 1° and 2° outside. 
 
Fig. 2 Model grid (black lines are plotted every two points) and topography 
In this study there were 40 non-uniform vertical levels, which varied in thickness from 
about 10 m at the surface to 250 m at depth. The topography was derived from the 1/12° 
ETOP05 database of the National Geophysical Data Center (NGDC). The depth of the 
BYECSs was replaced with the bathymetry data provided by the Navigation Assurance 
Ministry of the Chinese Navy Headquarters, and interpolated to model grids to provide more 
accurate ocean topography. 
Biharmonic operators were used for horizontal mixing of momentum and tracers. The 
horizontal viscosity and diffusivity varied spatially with the cube of the horizontal grid spacing 
and had equatorial values of 2.7 × 1010 m4/s and 0.9 × 1010 m4/s, respectively. The vertical 
viscosity and diffusivity were computed using the Richardson number formulation 
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(Pacanowski and Philander 1981) with background values of 10-4 m2/s and 10-5 m2/s, 
respectively. 
The model was driven by surface wind and boundary forcing. The surface heat and 
freshwater fluxes were calculated from bulk flux formulations. Necessary forcing fields 
consisted of sea surface wind stress, sea surface temperature, air temperature, air humidity, 
downward short-wave radiation, cloud fraction, wind speed, sea surface salinity, and 
precipitation. All these fields were derived from the simulation result of the CCSM version 3.0 
(CCSM3) under the IPCC-A2 scenario. Restoring buffer zones with a width of 3° were set 
near the four lateral boundaries where the temperature and salinity were restored to the 
monthly values of CCSM3 output data at all depths with a restoring time scale of 30 days. The 
A2 scenario is a medium-high emission scenario that is widely used in regional climate change 
research (Cayan et al. 2007; Tang et al. 2009; Graham et al. 2012). 
The model was initialized with the ocean at rest, and the temperature and salinity were set 
to the values of January 2000 in the CCSM3 IPCC-A2 experiment. Then, the model was spun 
up from January 2000 to December 2009 with a time step of 24 minutes, driven by the forcing 
described above. This completed a 10-year spinup. After that, we switched the model back to 
January 2000, and spun it up again for other nine rounds. In total a 100-year spinup was 
completed. Then, the model was run from January 2000 through December 2099. The monthly 
mean SSH, temperature, and salinity data were then used for analysis. 
2.3 Analysis methods 
Sea level change ( ζΔ ) can be attributed to three major components: 
 ( ) ( ) ( ) ( )s b 0 a, , , , , , , ,x y t h x y t p x y t g h x y tζ ρΔ = Δ + Δ + Δ   (3) 
where shΔ  is the local steric sea level change; b 0p gρΔ  is the sea level change induced by 
bottom pressure change, with bp  being the bottom pressure, and g being the gravitational 
acceleration; and ahΔ  is the atmospheric inverse barometer correction to the sea level change. In 
the present study, a 0hΔ = . 
The local steric sea level change is associated with vertical expansion or contraction of the 
water column in response to changes in the local density. It is necessary to convert the gridded 
temperature and salinity anomalies to density anomalies at each standard level using the classical 
expression for the ocean state equation (Gill 1982). The local steric sea level change is further 
obtained by vertically integrating density anomalies at each grid point and each time step 
according to the following equation (Lombard et al. 2005): 
 
0 0 0
s
0 0
( , , ) ( , , )
d
( , , )H
S T p S T p
h z
S T p−
−Δ = ³ ρ ρρ   (4) 
where S, T, and p are the salinity, temperature, and pressure, respectively, and 0S  and 0T  are 
the values in the reference state. ρ  is a nonlinear function of S, T, and p (Gill 1982). 
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3 Results and discussion 
3.1 Projection of SLR in BYECSs 
First of all, annual mean values of variables were calculated from the monthly mean 
output of the model. The time series of SLR in the Pacific Ocean (98°E to 60°W, 20°S to 65°N) 
was obtained from the averaged local steric sea level change. By the end of the 21st century, 
the projected SLR in the Pacific Ocean 
is about 0.18 m with a significant 
acceleration (Fig. 3). This implies that 
the net heat flux into the ocean is 
increasing steadily (Gregory et al. 
2001). The rising value is much smaller 
than the global mean projected SLR 
over the 21st century, which is about 
0.30 m under the IPCC-A2 scenario 
(see Fig. 3(c) in Meehl and Washington 
2006). The same result is shown in 
Landerer et al. (2007a). 
As the POP model used in this study is based on a Boussinesq approximation, a 
correction term ( Eζ ) must be applied to SSH according to Eq. (2), where Eζ  is the spatially 
uniform time-varying area-averaged SLR of the Pacific Ocean (Fig. 3). After adding Eζ  to the 
SSH of the model output in the Boussinesq approximation Bζ , the non-Boussinesq SSH ζ  
was obtained, and the sea level change in the BYECSs was further obtained, as shown        
in Fig. (4). 
  
Fig. 4 Projections of SLR in BYECSs from 2090 to 2099 relative to 2000 to 2009 
The projected SLR ranges from 0.12 to 0.20 m in the BYECSs (Fig. 4). The value is large 
 
Fig. 3 Mean SLR over model domain 
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in the sea area near the Ryukyu Island chain connected to the Northwestern Pacific Ocean, 
where the bathymetry is deeper than 200 m, and relatively low on the continental shelves. The 
SLR in the Bohai Sea reaches 0.17 m; the rise in amplitude is more than 0.16 m in the eastern 
part of the Yellow Sea and East China Sea, a little larger than that in the western part of the 
BYECSs, where it is is less than 0.15 m. 
3.2 Local steric SLR 
The local steric SLR was calculated with Eq. (4). The local steric SLR is positive for all 
regions in the BYECSs (Fig. 5(a)). A large value also occurs near the Ryukyu Island chain, 
which reaches 0.20 m. In contrast, shallow water columns on the continental shelves of the 
BYECSs only permit a much smaller steric expansion than the deep water region. This steric 
SLR pattern demonstrates a sharp gradient across the Kuroshio (Landerer et al. 2007b). On the 
continental shelves, the steric SLR ranges from 0.02 to 0.08 m, with a relatively larger value in 
the offshore area, and a smaller value near the coastline (Fig. 5(a)). In general, the steric SLR 
contributes less than 50% to the total projected SLR, and the contribution is even smaller near 
the coastal region, with a ratio of less than 20% (Fig. 5(b)). The steric SLR can be divided into 
thermosteric and halosteric SLRs. Almost all of the steric SLR on the continental shelves is 
induced by the thermosteric effect. However, the steric SLR off the Kuroshio largely results 
from the halosteric effect (figures omitted).  
 
Fig. 5 Local steric SLR from 2090 to 2099 relative to 2000 to 2009 and its contribution to total projected SLR 
3.3 SLR induced by mass redistribution 
From the difference between the projected SLR (Fig. 4) and local steric SLR (Fig. 5(a)), 
the contribution of bottom pressure change to the total projected SLR for the period of 2090 to 
2099 relative to the period of 2000 to 2009 was obtained. The contribution of the bottom 
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pressure change ( b 0p gρΔ ) is caused by ocean mass redistributions which result from tides, 
ocean circulation changes, or water mass flux such as the global water cycle or melting of 
glaciers and ice sheets. In the CCSM3 and POP models, the contributions to SLR from ice 
sheets and glacier melting are not included, and freshwater flux is treated as virtual salt flux. 
Hence, all of the bottom pressure changes are considered solely from the ocean mass 
redistributions induced by the ocean dynamic change. Most prominently, an additional mass 
loading that can cause a SLR of up to 0.13 m occurs on the continental shelves of the BYECSs, 
where the water depth is less than 200 m, while the effect is very small in the deep water 
region (Fig. 6(a)). The pattern effectively reduces the strong local steric SLR gradient across 
the Kuroshio. This means that sea water tends to move from the Pacific Ocean to the 
continental shelves of the BYECSs. On the continental shelves of the BYECSs, the mass 
redistribution-induced SLR is closely related to the water depth, with the value ranging from 
0.09 m in the offshore area to 0.15 m in the coastal area (Fig. 6(a)). In general, mass 
redistribution-induced SLR contributes more than 50% to the total projected SLR on the 
continental shelves of the BYECSs, and the contribution is even larger near the coastal region, 
with a ratio of more than 80% (Fig. 6(b)). 
 
Fig. 6 SLR induced by mass redistribution from 2090 to 2099 relative to 2000 to 2009 and               
its contribution to total projected SLR 
4 Conclusions 
(1) A ROGCM of the Pacific Ocean, with a grid refinement in the BYECSs, was 
established to project the SLR in the BYECSs in the 21st century. Simulation results show that, 
at the end of the 21st century, the sea level in the BYECSs will rise about 0.12 to 0.20 m. SLR 
in the Bohai Sea is relatively large, reaching 0.17 m. The rise in amplitude in the eastern 
BYECSs is larger than that in the western BYECSs. The sea level will rise about 0.20 m near 
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the Ryukyu Islands. 
(2) The contributions of different factors to SLR can be divided into the ocean mass 
redistribution and local steric sea level change. In summary, the SLR in the BYECSs over the 
21st century will mainly be due to the ocean mass redistribution caused by the ocean dynamic 
change, which means that sea water will tend to move from the Pacific Ocean to the 
continental shelves of the BYECSs. This also implies that, with global warming, the SLR in 
the BYECSs, to a great extent, will be determined by Pacific Ocean-scale changes, rather than 
by local changes. 
(3) In the study, it is considered that only the ocean dynamics affect the absolute SLR 
patterns. The model does not include contributions from ice sheets, glacier melting, and land 
movements. Tidal contributions are also negligible in the low-frequency change analysis. Thus, 
the projected SLR in this study is smaller than those in the previous studies, which were based 
on simple estimation models. For example, Zhang (1997) and Li et al. (2011) showed that the 
SLR in the BYECSs at the end of the 21st century would be about 0.28 to 0.64 m and 0.30 to 
0.74 m, respectively. 
(4) Results in this study were obtained from one ROGCM, which contains uncertainties 
in modeling of climate change. Therefore, the results only suggest a possible estimation of 
SLR in the BYECSs under the IPCC-A2 scenario. In future studies, SLR should be projected 
with different models under different emission scenarios so as to provide a more representative 
prediction range. 
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